The bivalve molluscan fauna of Ulsan Bay, East Sea coast of Korea, is summarized, based on original and literature data. The fauna consists of 61 species belonging to 20 families. Seven species are identified only to genus level. Two species (Carditellopsis toneana , Carditidae and Fulvia hungerfordi (G.B. Sowerby III, 1901), Cardiidae) are new records for the East Sea coast of Korea, and one species (Crenella decussata (Montagu, 1808), Mytilidae) is a new record for Korea. Biogeographically, Ulsan Bay's bivalve fauna is subtropical with a predominance of tropical-subtropical species, 21 species, or 39% of the total species number, subtropical, 14 species, or 26%, and subtropical-boreal (mostly subtropical-lowboreal), 11 species, 21%, totalling 86%. A remarkable feature of the Ulsan Bay fauna is the presence of tropical-subtropical species not found in Yeongil Bay but common in tidal flats and shallow waters of the Yellow Sea and the southern part of Korea. A cold water mass appearing off the southeast coast of Korea near Ulsan in summer seems responsible for the presence of boreal-arctic species in this area.
INTRODUCTION
Ulsan Bay (Ulsan-man) is one of the bays on the continental coast of the East Sea (Sea of Japan) located in southeastern South Korea (Gyeongsangnam-do, South Gyeongsang Province), about 72 km north-northeast of Busan, the second largest city in Korea. There are no papers dealing specifically with the molluscan fauna of this bay.
The Korean marine molluscan fauna has received much attention in the last twenty years with the publication of color atlases (Kwon O.-K. et al., 1993; Min D.-K. et al., 2004) , general lists (Je, 1989; Lee J.-S. and Min D.-K., 2002) , regional lists (Noseworthy et al., 2007) , and an annotated and illustrated catalogue of bivalves of the continental coast of the East Sea (Lutaenko and Noseworthy, 2012) . However, the fauna is still poorly known at regional and local levels, and the geographical distribution of many species is not clearly understood.
We have undertaken a regional survey of bivalves in Ulsan Bay, located in an intermediate biogeographical area between the boreal (temperate) and subtropical (warm-temperate) zones of the East Sea.
MATERIAL AND METHODS
Material for this study was collected in August 1997
( Fig. 1 ; Table 1 ) during a benthic survey conducted by Dr. Lee Eui-Hyeong, formerly of Korea University, and
Dr. E.I. Shornikov and Dr. K.A. Lutaenko of the A.V.
Zhirmunsky Institute of Marine Biology, Far East
Branch of the Russian Academy of Sciences.
The material collected consists of living and dead mollusks (empty shells) collected by dredging at a depth range of 12-56 m on soft substrata in Ulsan Bay at ten stations. The dredge was a small, simple apparatus, 36 cm-wide, designed by Dr. E.I.
Schornikov, with a nylon sack with meshes of 0.15 mm x 0.15 mm and an inserted sieve with meshes of 1.5 mm x 1.5 mm (see for details Lee et al., 2000) . One sample was additionally taken at Ilsan Beach on hard substrate with sea grass and algae by snorkelling in a depth of 1-3 m. All dredge samples were sieved to exctract meobenthic organisms; the macrobenthic fraction was fixed in 50-70% alcohol. Macrobenthos was sorted into empty shells and animals collected alive; fixed mollusks were dried after a fixation period of 1-2 years. Mollusks were collected at 11 sampling stations ( Fig. 1 ; Table 1 ). In total, 1087 specimens of bivalves were examined. The collection studied is deposited in the Zoological Museum, Far Eastern Federal University, Vladivostok (hereafter ZMFU). A list of the ostracod fauna from the same samples was published by Lee et al. (2000) .
We have also used literature data on bivalve species records taken from ecological/environmental studies by Yi et al. (1982) , Rho et al. (1997) , Shin H.C. et al. (2001) and Yoon S.-P. et al. (2009) . Zonalbiogeographical characteristics of molluscan species were taken from the catalogue of the bivalves of the continental coast of East Sea by Lutaenko and Noseworthy (2012) ; biogeographical analysis and terms based on zonal-geographical approach are described and discussed in detail in a number of works (Scarlato, 1981; Kussakin, 1990; Lutaenko, 1993) .
REGIONAL SETTING
Ulsan Bay is a small bay located on the southeastern coast of the Korean Peninsula. (Kwon and Lee, 2010) . Annual mean air temperatures around Ulsan are between 13º C and 14º C; in January around 1-2º C, and in August 24º C (Kwon and Lee, 2010) . Mean sea surface temperatures (SSTs) around Ulsan Bay are between 17° and 18° C (http://www.worldclimateguide.co.uk). However, the mean SSTs in the vicinity of the coast are generally lower than those in off-shore regions (Kang and Jin, 1984b) .
Maximum sea temperatues in Ulsan can reach as high as 26° C in August, with a minimum of 13° C in February and March (http://www.worldclimateguide.co.uk). The annual mean salinity at the sea surface in the area off
Ulsan is between 33.5 and 33.7‰, and 34.05‰ at a depth of 30 m (Kang and Jin, 1984a) . The eastern coast of South Korea has small tidal differences, a third of one meter at the most (Kwon and Lee, 2010) .
It is well known that a cold water mass appears off the southeast coast of Korea near Ulsan in summer (Lee K.-B., 1978; Kim C.H. and Kim K., 1983; Lee J.C. and Na J.Y., 1985) . The upwelling cold waters are saltier than the resident surface waters, and an extraordinarily high concentration of dissolved oxygen suggests that the upwelling waters are closely connected to the southward flowing North Korea Cold Current (Lee T. and Kim I.-N., 2003) . The lowest surface water temperature appears near the coast, and this phenomenon is the most remarkable characteristic of the coastal cold water in Korea: in August, SSTs can drop to 17-20° C around Ulsan, while they reach 25-26.9° C offshore (Lee K.-B., 1978) . At 20 m deep, temperatures can be as low as 13-15° C near the coast between Ulsan and Pohang in August, while they increase to 24-25° C offshore (Lee J.C. et al., 2003) .
The substrate of the coastal area south of Yeongil Bay is composed of clay or mud (Shin and Koh, 1993) .
At sampling stations in Ulsan Bay, grey mud predominated, but coarse sand was found at one station ( Table 1) . (Szefer et al., 2004) . In Ulsan Bay, the concentrations of Cu, Pb and Zn in bottom sediments began to increase during the 1960s, but have remained almost unchanged since 1970 (Lee K.W. et al., 1988) .
Approximately, 280,000 t and 300,000 t of domestic and industrial waste, respectively, is discharged daily into the coastal region from Ulsan City and industrial complexes (Khim et al., 2001) .
Ulsan City was historically a fishing port and agricultural marketing centre but, since the opening of rail and road communications to Seoul and Busan in 1962, it has developed as an industrial centre. Now, Ulsan is home to the world's largest auto production complex and fifth largest automaker, the biggest South Korean shipyard and shipbuilder, and the globe's second largest petrochemical complex; it is regarded as one of the Great Industrial Cities (Jakobs, 2011).
Thus, it is especially important to study the regional biota due the to rapid change of the marine environment in the last decades.
ANNOTATED LIST OF BIVALVE MOLLUSKS COLLECTED IN ULSAN BAY
Family Nuculidae Gray, 1824
1. Acila sp.
Sampling station: 10. Comments: A close species is Nucula (Leionucula) ovatotruncata (Scarlato in Volova et Scarlato, 1980) depicted by Scarlato (1981) and Lutaenko and Noseworthy (2012) , although it was synonymized with N. tenuis by Coan et al. (2000) . N. ovatotruncata is differentiated from N. tenuis by the less dorso-ventrally broadened shell and the relatively shorter resilifer (Scarlato 1981 Korean specimens from Ulsan and Yeongil bays resemble, in shell outline, the Chinese N. tenuis figured by Xu (1984, pl. 1, fig. 4) and a specimen designated as "Nucula paulula A.
Adams" in Ito et al. (1986, pl. 34, fig. 8 ) from off the Noto Peninsula. According to Xu (1999) , N. tenuis occupies the greater part of the Yellow Sea, and it is found also in the South Sea of Korea (Korea Strait) (Je et al., 1991) . Kamenev (2013) Material examined: 2 specimens.
Occurrence: Empty shells were collected at a depth of 43-55 m, in mud.
Comments:
A new record for Korea. This species was previously known from the northern Pacific including the East Sea (Peter the Great Bay and western Sakhalin), being a widely distributed boreal-arctic species (Scarlato, 1960; Coan et al., 2000) .
Scarlato (1960) described a southern subspecies,
Crenella decussata laticostata Scarlato, 1960 characterized by a higher shell with strong widely-spaced radial riblets, and distributed in the East Sea and the southern and northern Kurile
Islands. As Huber (2010) mentioned, Adams (1862) described Crenella casta A. Adams, 1862, C. cornea A.
Adams, 1862, C. crocea A. Adams, 1862, and C.
sculptilis A. Adams, 1862 from the East Sea, but their types were never depicted and they could not be located in the Natural History Museum (London).
These species were listed as valid in the catalogue of Higo et al. (1999) Islands, western Kamchatka, and Hokkaido) (Scarlato, 1981) . Arvella has clear radial ribs and is rather close to Musculus Rӧding, 1798 ("rhomboidal-ovate, solid, rougher radial sculpture and larger than Crenella, brownish and varnished periostracum" (Huber, 2010, p. 547)). A. manshurica was synonymized with C.
decussata by Higo et al. (1999) which is not substantiated at all. On the other hand, Habe (1977) , Kafanov (1991) and Higo et al. (1999) 
kept as distinct
Crenella yokoyamai Nomura, 1932 (nom. nov. pro Crenella divaricata Yokoyama, 1922 non d'Orbigny, 1847) Nomura, 1932) which is regarded as a synonym of C. decussata, along with C.
decussata laticostata (Coan et al., 2000; Coan and Valentich-Scott, 2012) . Scarlato (1981) did mention the resemblance of C. decussata laticostata and C.
yokoyamai. Illustrations of syntypes of C. divaricata (Yokoyama, 1922, pl. 15, figs. 10, 11; Oyama, 1992, pl. 27, figs. 3, 4) show that this species (C. yokoyamai) is indeed a synonym of C. decussata (3 syntypes in the University Museum, University of Tokyo:
http://www.um.u-tokyo.ac.jp/web_museum/database_en. html). It is of interest that mentioned that C. decussata lives in the Korea Strait and he was aware of the species described by Adams (1862).
The Pliocene Crenella delicatula Yokoyama, 1926 (holotype in the University Museum, University of Tokyo: http://www.um.u-tokyo.ac.jp/web_museum/ database_en.html) and Crenella parvula Yokoyama, 1926 (3 syntypes in the University Museum, University of Tokyo: http://www.um.u-tokyo.ac.jp/web_museum/ database_en.html) (Yokoyama, 1926, p. 301. pl. 36, figs. 7 and 8, respectively; Sawane Formation, Sado
Is.) has nothing in common with Recent C. decussata. Higo et al. (1999) decussata. An illustration of C. yokoyamai in Ito et al. (1986, pl. 40, fig. 1 ) from the eastern East Sea is identical with our material from Ulsan Bay. Much work needs to be done to revise this regional complex of Crenellinae.
13. Lithophaga sp.
Sampling station: 5.
Material examined: 1 specimen. Comments: Lutaenko and Noseworthy (2012) and Kamenev (2013) Material examined: 3 specimens.
Occurrence:
Occurrence: Empty shells were taken at a depth of 22 m, in mud.
Comments: A new record for the East Sea coast of
Korea. This species is recorded for Jeju Is. (Noseworthy et al., 2007) .
Family Chamidae Lamarck, 1809
21. Chama sp. juv.
Sampling station: 3.
Material examined: 2 specimens.
Occurrence: Empty juvenile shells were taken at a depth of 15 m, in coarse sand.
Family Lasaeidae Gray, 1842
22. Nipponomysella oblongata Plate 2, fig. B Sampling station: 10.
Material examined: 1 specimen.
Occurrence: An empty shell was found at a depth of 22 m, in mud.
Family Kelliellidae P. Fischer, 1887
23. Alveinus ojianus Plate 2, fig Comments: Neaera tenuis Hinds, 1844 may be an earlier name for this species (Huber, 2010) . According to Higo et al. (1999) , this species is distributed as far south as the South China Sea and Australia, and is known from the northern East Sea (Dulenina, 2013 Family Ungulinidae Gray, 1854
31. Felaniella sowerbyi Kuroda et Habe, 1951 Sampling station: 9.
Occurrence: Empty shells were taken at a depth of 34 m, on sandy mud. Abbreviations: t/s -tropical-subtropical species; s -subtropical species; s/b -subtropical-boreal (mostly subtropical-lowboreal) species; lb -lowboreal species; b/a -boreal-arctic species (including widely distributed boreal-arctic); wdb + cb -widely distributed boreal + circumboreal species. Notes: Barbatia (Abarbatia) trapezina (Lamarck, 1819) was listed as Abarbatia lima (Yi et al., 1982) , a synonym of the former species; Striarca symmetrica (Reeve, 1844) was listed as Arcopsis symmetrica (Yi et al., 1982) ; Mytilus (Mytilus) galloprovincialis Lamarck, 1819 was listed as Mytilus edulis in Rho et al. (1997) ; Modiolus (Modiolus) kurilensis Bernard, 1983 was listed as Modiolus modiolus difficilis in Rho et al. (1997) , a synonym of the former species; Striostrea circumpicta (Pilsbry, 1904) was listed as Ostrea circumpicta in Rho et al. (1997) ; Theora (Endopleura) lubrica A.A. Gould, 1861 was listed as Theora lata in Yi et al. (1982) ; Ruditapes aspera (Quoy et Gaimard, 1835) was listed as Ruditapes variegatus in Rho et al. (1997) , a synonym of the former species; Irus (Irus) irus (L., 1758) was listed as Irus macrophyllus in Rho et al. (1997) , a possible synomym of the former species; Entodesma navicula (A. Adams et Reeve, 1850) was listed as Agriodesma navicula in Rho et al. (1997) ; more information on taxonomy can be found in Huber (2010) and Lutaenko and Noseworthy (2012) . with muddy bottoms, i.e., typical embayments. In the northern East Sea they are relics of the mid-Holocene climatic optimum (Lutaenko, 1993; Lutaenko and Noseworthy, 2014) .
Comments: P. adamsii (type species of Protocallithaca

Region
Although the Ulsan Bay bivalve fauna is insufficiently known, we have undertaken an analysis of its biogeographical structure following the zonal-geographical (zonal-biogeographical) approach widely used in the Russian literature (see for extended discussion: Lutaenko and Noseworthy (2014) Hokkaido to the Bering Strait, along the Asian coast, and along the northern American coast southward to California), and circumboreal (limited mainly to temperate latitudes, both in the Atlantic and Pacific
Oceans, but also partly to subtropical and arctic zones); 6. boreal-arctic (limited to both the temperate zone of the Pacific Ocean and the Arctic, and partly to the temperate Atlantic). We checked the geographical distribution of many species using numerous literature sources, and unified zonal-geographical characteristics are given for each species in our catalogue (Lutaenko and Noseworthy, 2012) .
The bivalve fauna in Ulsan Bay is dominated by warm-water mollusks: tropical-subtropical (21 species, or 39% of the total species number), subtropical (14 species, or 26%) and subtropical-boreal (mostly subtropical-lowboreal) (11 species, 21%), totalling 86% (Fig. 2) . There are also 2 boreal-arctic and several boreal species; therefore, the fauna can be regarded as Y.G. Lee (1997a) Notes: Yeongil Bay, Korea ; Niigata Pref. (including Sado Isl.; eastern East Sea) (Ito, 1978 (Ito, , 1985 (Ito, , 1989 ; Ishikawa Prefecture (Ito et al., 1986) ; Wakasa Bay and Hyogo Prefecture (eastern East Sea) (Ito, 1967 (Ito, , 1990 ; Peter the Great Bay and Primorye (north-western East Sea) (Scarlato, 1981; Lutaenko, 1999; 2003; 2006) (Lee Y.G., 2005) . This fauna can be compared with those described by G.A.
Evseev ( The abundance of bottom animals, including bivalve mollusks, and the structure of bottom communities in Ulsan Bay have been studied by a number of researchers (Yi et al., 1982; Rho et al., 1997; Shin H.C. et al., 2001; Yoon S.-P. et al., 2009 ). In the early 1980s, five species were found to be dominant and common in Ulsan Bay: T. lubrica, M. senhousia, M. tokyoensis, N. paulula, R. pulchella (Yi et al., 1982) .
Intertidally and partly subtidally, M. galloprovincialis, C. gigas, S. virgatus, L. undulata and O. circumpicta were common (Rho et al., 1997 Table 3 in: Lutaenko et al. (2006) ). T. fragilis is considered as indicative of organic pollution (Hong et al., 1994) . In Chinhae Bay, two peaks of spat settlement were observed, one in summer and another in winter, with a maximum in summer; the population density is highest at the mouth of the bay, up to 2116 ind./m² in summer, but it rapidly declined in the fall after mass mortality (Lim et al., 1995) . T. lubrica and R. pulchella are adapted to extreme environments and are often found on black deoxygenated mud where the bottom water lacks dissolved oxygen in the summer stagnation period (Habe, 1956) . The formation of such populations exhibits a cyclic character, and juveniles are recruited several times during the stratification period. T.
fragilis is a short-lived species; however, in the Seto Inland Sea most of the juveniles found at hypoxic stations died out immediately after settlement and never grew to the adult size (Kagawa, 1986) . In Hakata Bay, northern Kyushu, the spatial dynamics of populations of T. fragilis and M. senhousia can differ greatly depending on the season. The center of mollusk distribution shifts from the inner waters of the bay to the central waters during the summer stratification period when dissolved oxygen of the bottom water diminishes; the center returns to the inner waters when dissolved oxygen increases (Hamano et al., 1986) .
In the northern East Sea, T. fragilis plays a significant role in soft-bottom communities of semi-enclosed inlets in Possjet Bay with a density of up to 140 ind./m 2 (Golikov and Scarlato, 1967) , and is also very abundant in muddy substrate in the innermost parts of Amursky and Nakhodka Bays (Lutaenko, 1999; 2003 
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